We describe a large-area ecliptic survey designed to assess the sky-plane surface density of bright Kuiper Belt objects. We used an 8192 ] 8192 pixel CCD mosaic to image 51.5 deg2 to a 50% detection threshold red magnitude
INTRODUCTION
Recent ground-based observations have unveiled a large number of bodies in orbit beyond Neptune (Jewitt & Luu Tremaine, & et 1993 , 1995 Irwin, Z 0 ytkow 1995 ; Williams al.
Luu, & Chen in a region now widely 1995 ; Jewitt, 1996) , known as the Kuiper Belt. Population estimates based on limited sampling of the ecliptic suggest that more than 70,000 bodies with diameters º100 km are to be found in the 30È50 AU distance range, with a combined mass of order 0.1 Earth masses et al. While uncertain, (Jewitt 1996) . this estimate shows unambiguously that the transNeptunian solar system is a richly populated region deserving of intensive observational study. Ground-based observations have already revealed dynamical substructure in the Kuiper Belt. Evidence exists for three separate dynamical classes of trans-Neptunian object :
1. Residents of the "" classical ÏÏ Kuiper Belt lie beyond about 40 AU and occupy low-inclination orbits of modest eccentricity. These objects remain far from Neptune and appear to be dynamically stable over the lifetime of the solar system & Wisdom Levison, (Holman 1993 ; Duncan, & Budd Thomas, & Moons 1995 ; Morbidelli, 1995) . 2. In contrast, objects in mean motion resonances approach (and even cross) the orbit of Neptune but are protected from close encounters with the planet, as is Pluto These resonance objects constitute a dis-(Malhotra 1995). tinct dynamical class. Approximately 35% (i.e., 25,000) of the known Kuiper Belt objects (KBOs) reside in the 3 : 2 resonance (the so-called Plutinos ; & Luu Jewitt 1995 ; The discovery of the Plutinos has provoked a 1996). number of theories about the origin and long-term evolution of resonant structure in the outer solar system (Malhotra & has 1995, 1996 ; revealed the true nature of Pluto as the largest known member of the Plutino family.
3. Most recently (and as part of the present wide-Ðeld survey), we have identiÐed a third distinct dynamical class in 1996 et al.
Members of this class of TL 66 (Luu 1997) .
"" SKBOs ÏÏ (scattered Kuiper Belt objects) follow large, highly eccentric, and inclined orbits generally with perihelion distances greater than 30 AU. They may constitute a chaotic swarm of bodies scattered outward by Neptune in the early phases of the solar system & (Torbett 1989 ; Ip Fernandez & Levison The number of 1991 ; Duncan 1997) . SKBOs is highly uncertain, but a population of order 6 ] 103 (500 km diameter or larger) is suggested by the discovery of 1996 et al.
In absolute TL 66 (Luu 1997) . numbers, the SKBOs may dominate the trans-Neptunian region. However, the SKBOs appear rare in magnitudelimited surveys because their large, eccentric orbits render them invisible except when near perihelion.
Much work remains to be done to establish the precise nature, origin, and signiÐcance of dynamical substructure in the Kuiper Belt. One problem in the study of the global properties of the trans-Neptunian solar system is that only a fraction of the known KBOs were identiÐed in controlled surveys of known depth and areal coverage ( Jewitt 1996) . a large survey with Ðve main scientiÐc goals : (1) to determine the luminosity function and size distribution of bright KBOs, (2) to search for evidence of an upper size cuto † that might indicate premature termination of the growth phase, (3) to assess the intrinsic (as opposed to apparent) ratio of Plutinos to classical KBOs, (4) to measure the intrinsic ratio of the populations of the 2 : 1 and 3 : 2 mean motion resonances, and (5) to examine the radial extent of the Kuiper Belt. As a side beneÐt, this survey will secure a sample of KBOs bright enough for relatively easy physical study using large ground-based telescopes.
OBSERVATIONS
Bright KBOs are comparatively rare. To Ðnd them, we must survey areas of sky much larger than feasible using conventional 2048 ] 2048 pixel format CCDs. Accordingly, the present work is based on a new UH 8192 ] 8192 pixel Vol. 115 (hereafter 8K) CCD array built at the Institute for Astronomy et al. This device consists of (Luppino 1996) . eight 2048 ] 4096 pixel Loral chips, with 15 km square pixels, and with a gap between chips of about 1 mm. These are thick chips, with a resulting high cosmic-ray detection rate (about four per chip per second) and a peak quantum efficiency of B0.4. In addition, the chips are cosmetically inferior to the smaller Tektronix devices previously employed in this work. However, these disadvantages are outweighed for survey work by the sheer size of the 8K array.
Observations were taken at the University of Hawaii (UH) 2.2 m telescope atop Mauna Kea. We placed the 8K array at the f/10 Cassegrain focus. The system throughput at this position is very high, with light losses only from two optical elements (the dewar window and a Ðlter) in addition to the two reÑections from telescope mirrors. To further enhance the throughput, a custom broadband "" VR ÏÏ Ðlter with high transmission in the 5000È7000 wavelength Ó range was used for all observations (see et al. Jewitt 1996) . The CCD was binned in 3 ] 3 mode (reducing the readout time to about 1 minute) to obtain an image scale of 0A .405 per binned pixel. Typical seeing waŝ 0A .002 0A .8È1A .0 FWHM, so that Nyquist sampling of the point-spread function was obtained. A Ðeld of view of (0.094 deg2) 18@ .4 ] 18@ .4 was obtained.
Flat Ðelds were constructed from the median of a set of spatially o †set images of the evening twilight sky. Photometric calibration was obtained from measurements of standard stars from
The eight CCDs have Landolt (1992) . di †erent photometric and cosmetic properties, and so each was calibrated separately. We found that the photometric zero points of the CCDs di †ered by as much as 0.5 mag but that the di †erences were stable from night to night and month to month. The only photometric instabilities of note were occasional Ñat-Ðeld defects caused by windblown volcanic dust setling on the VR Ðlter during the observations. Survey images were taken in the ecliptic and near opposition, over a total sky area of 51.5 deg2. This observing geometry is optimal since, at opposition, the angular rate of retrograde motion provides a direct measure of the heliocentric distance. A Ðxed integration time of 150 s was employed. To maximize observing efficiency, the survey integrations were taken without use of the autoguider. This resulted in a small but measurable degradation in (0A .1È0A .2) the image quality. Sequences of 10È15 consecutive images, each o †set by 20@ in declination, were repeated three times in order to search for slow-moving objects. After Ñat-Ðelding, the images were co-aligned and lists of all objects in each Ðeld were made by our Moving Object Detection Software (MODS ; & Jewitt The object lists were Trujillo 1998). then culled to eliminate cosmic rays and noise clumps. Finally, we visually examined a MODS-generated list of candidate moving objects. In the present survey, MODS searched for linear, correlated motions at speeds 2A hr~1 ¹ dh/dt ¹ 24A hr~1, corresponding approximately to heliocentric distances 5 AU ¹ R ¹ 70 AU. Newly detected objects were scheduled for follow-up observations within the discovery observing run. Second-month and later observations were attempted from the UH 2.2 m, as well as from the 1.2 m telescope at Mount Hopkins, Arizona (mostly by C. W. Hergenrother and W. R. Brown). A special feature of the present survey over its predecessors is that many of the detected objects are bright enough to be observed with very modest telescopes. In this regard, we beneÐted greatly from observational e †orts by W. O †utt using his 0.6 m telescope in New Mexico.
The detection efficiency of the survey was measured by searching for synthetic slow-moving objects added to real CCD images, as described by & Jewitt The Trujillo (1998) . detection efficiency curve for Kuiper Belt objects is plotted in Two features are especially worthy of note. Figure 1 . First, the maximum detection efficiency (B0.9) is limited by objects that either move o † the edge of the CCD or move onto one of the dead columns that afflict several of the CCDs with particular severity. Second, the decline in detection efficiency at larger magnitudes is spread over more than a full magnitude, with a detection efficiency equal to half the maximum value at This gradual decline m R \ 22.5. is primarily a result of averaging the di †erent limiting sensitivities of the eight CCDs, which were combined to produce Figure 1 .
Orbital elements of the 13 objects discovered with the 8K CCD are listed in These elements are drawn from Table 1 . the Minor Planet Electronic Circulars by B. Marsden of the Harvard-Smithsonian Center for Astrophysics. It should be noted that the elements are subject to revision as new astrometric observations become available. In particular, the elements of objects observed only within a single opposition are liable to substantial correction. A plot of the semimajor axis versus eccentricity plane is given in Figure 2 , with single-and multiopposition orbits distinguished. An alternative view, showing the KBOs projected onto the plane of the ecliptic, is given in Figure 3 .
The image proÐles of all 13 new KBOs were indistinguishable from those of adjacent Ðeld stars. Magnitudes of the new KBOs were determined using synthetic photometry apertures in radius, with the sky level determined in an 1A .6 annulus having inner and outer radii of and respec-1A .6 8A .0, tively. Images that appeared confused with background stars or galaxies were rejected. Magnitudes determined on di †erent nights were found to be consistent within the photometric uncertainties. In we present the mean Table 2 , of all magnitudes measured for each object, together with the standard deviation on the mean and an indication of the number of measurements. Optical colors of KBOs vary from nearly neutral (V [R B 0.3) to very red (V [R B 0.7), leading to an additional, systematic uncertainty in the R magnitude derived from the present broadband VR observations & Jewitt We estimate that this uncer- . tainty amounts to 0.2 mag. In the mean apparent Table 2 , red magnitude has also been converted to absolute magnitude, H, using the H-G relations of et al. with Bowell (1989) G \ 0.15 (as appropriate for low-albedo objects). The maximum phase angle attained by KBOs at 30 AU is 1¡ .9, so that the phase correction is small and the choice of G is not critical.
DISCUSSION
Surface densities of KBOs are summarized in In Table 3 . Luu However, the photographic detection of faint, slow-1988). moving objects is notoriously difficult and, most importantly, is not easily quantiÐed. As a result, we are less conÐdent of the signiÐcance of the photographic surveys than of the CCD work described above. For this reason, we base our physical interpretations only on the new and pre- (Table 3) viously published CCD data. At the end of this (Table 4) section, we will show that the photographic constraints, with one exception, require no modiÐcation of the conclusions obtained from the CCD data alone. A Hubble Space T elescope observation by et al. has been Cochran (1995) reexamined and brought into serious question by Brown, Kulkarni, & Liggett In view of its uncertain signiÐ-(1997). a Heliocentric distance, geocentric distance, and phase angle at the time of discovery, respectively. b Here red magnitude, p \ standard deviation of the mean, and N \ number of measurements. An m R \ apparent additional nonrandom uncertainty of order 0.2 mag must be added to the listed error to account for the unknown color of each KBO.
c Absolute magnitude computed from using (Jewitt 1995 ; Jewitt 1996 ; Irwin 1995) . This agreement provides compelling evidence that the efficiencies of the various ground-based surveys have been accurately established. We Ðt the cumulative surface density, with weighted power law Ðts of the form
where is the magnitude at which & \ 1 deg~2 is reached, m 0 while 10a gives the slope of the luminosity function. A Ðt to FIG. 4 
Evidently, the surface density increases by a factor of 10a B 4 per magnitude in this range. Equation (2) ) wavelengths. In any event, we also considered models in which the geometric albedo ramps from 0.04 at radius 50 km to 0.6 at radius 1000 km, our intent being to examine the sensitivity of the results to the assumed form of the albedo. In general, we found that the rather extreme di †er-ence in adopted albedo functions resulted in only small di †erences in the derived quantities, as we note below. Essentially, this is because the Ñux scattered from a KBO is proportional to and so is more sensitive to variap R r2/R4 tions in radius, r, and heliocentric distance, R, than in albedo.
Distance Distribution
The Monte Carlo model includes both classical KBOs and Plutinos. The SKBOs are neglected since these are less common in the data than either classical KBOs or Plutinos, and their orbital distributions are presently uncertain. Both classes of object are assumed to obey di †erential power-law radius distributions of the form n(r)dr \ !r~q dr, where n(r)dr is the number of objects with radii in the range r to r ] dr and ! and q are constants. Radius takes values in the range
In each model, is set equal to the r & ¹ r ¹ r ' . r & radius of the faintest body that can be detected when at perihelion. For example, at perihelion distance 26 AU and with magnitude 23, we Ðnd km. The maximum r & \ 46 radius is treated as a parameter of the model to be r ' , constrained observationally. We implicitly assume that the size distributions and albedos of classical KBOs and Plutinos are identical. We require the numerical simulations to reproduce the distribution of heliocentric distances of KBOs at discovery, and to Ðt the apparent ratio of Plutinos to classical Kuiper Belt objects (B35% ; Fig. 2 ).
For each model KBO, we used a random-number generator to select values of semimajor axis and eccentricity from distributions (see We then computed instantane- Table 5 ). ous heliocentric distances of the model KBOs at random times within each orbit. We conÐrmed that the resulting distribution of heliocentric distances obeyed KeplerÏs "" equal areas in equal times ÏÏ law. For simplicity, all objects were taken to have zero inclination. This should not introduce a bias in the interpretation of the luminosity function unless the inclination distribution is a function of KBO size (a possibility for which the observational data provide no support). For the distribution of semimajor axes in the classical Kuiper Belt, we assumed a modiÐed power-law variation, in the range
( Table 5) . semimajor axes and following numerical explora- (Fig. 2) , tion of both larger and smaller values, we adopted a & \ 42 AU and AU for most models. Models with a '
\ 50 AU strongly violate the observed deÐciency of a & \ 42 objects with small semimajor axes Models with (Fig. 2) . AU generally Ðt the slope of the luminosity funca '
[ 50 
tion as well as the models presented here. However, as discussed in these models contradict the empirical°3.6, absence of KBOs with AU. We found the results a '
[ 50 of the models to be a weak function of radial index p in the range 1 ¹ p ¹ 3. The results presented here all assume p \ 2 and AU. a ' \ 50 We considered two cases for the dimensionless function f (a) :
The Ðrst case corresponds to a pure power-law Table 5 ). surface density gradient such as that presumed to exist in the preplanetary solar nebula, while the second was used to represent the depletion of KBOs in orbits near Neptune owing to gravitational "" sculpting ÏÏ by that planet (Holman & Wisdom et al. Again, prompted by 1993 ; Duncan 1995) . the observations the eccentricity distribution in the (Fig. 2) 
where we have quoted our best guess as to the uncertainty. The index is larger than we previously believed (q B 3) based on more limited survey data in the fainter magnitude FIG. 5 .ÈMonte Carlo models as described in the text. Power-law size distributions with indices q \ 3, 4, and 5 are marked. All models have p \ 2, km, and and are normalized to unity at r ' \ 2000 r & > r ' The apparent Plutino fraction for these models is 35%. The m R \ m 0 . classical Kuiper Belt is taken to extend from 40 to 50 AU. range et al. Equation (5) is 23.0 ¹ m R ¹ 24.8 (Jewitt 1996) . established from data in the magnitude range 20 ¹ m R ¹ 25 (i.e., neglecting all photographic data). The increased span of the data in over that previously available gives Figure 5 us greater conÐdence in the derived size distribution index. Incorporation of the aforementioned albedo-size relation (°3.2.1) increases q by about 0.5. Within the uncertainties, both observational and due to modeling, the size distribution index in the Kuiper Belt is compatible with q B 3.5, expected from a purely collisional production function but also with q B 4. We are interested in searching for evidence of 1997). an e †ective maximum size among the KBOs, which would appear in our data as a downturn in the bright end of the luminosity function.
shows the data together with q \ 4 power-law Figure 6 models truncated at 500, 1000, and 2000 km. r ' \ 250, The data are well matched by all models except that with km, which clearly underestimates the number of r ' \ 250 objects brighter than
We conclude that there is no m R \ 22. evidence in the present CCD data for an upper limit to the FIG. 6 .ÈPower-law size distributions with q \ 4 truncated at r ' \ 2000, 1000, 500, and 250 km. The curves with km all Ðt the data. r '
[ 250 radii of KBOs, such as might result from a period of growth limited by the emergence of nearby Neptune. If such a limit exists, the CCD data only constrain it to occur at a radius km. This conclusion is compatible with the 2300 r '
[ 250 km diameter of the largest known KBO, Pluto.
The mass of a q \ 4 power-law distribution of spherical bodies is where the bulk density For this reason they are dis- (Fig. 2) . covered at systematically smaller heliocentric distances where they are brighter, more readily detected, and (Fig. 3) , therefore overrepresented in the data. Second, the Plutinos are aphelion librators that reach perihelion, and are most easily observed, when near^90¡ from Neptune (Malhotra shows versus ecliptic longitude. Direc-1996) . have been concentrated in the sectors^90¡ from Neptune, thus tending to elevate above A third bias, which acts P a P i . in the opposite sense, results from the argument-of-perihelion libration, which maintains PlutoÏs perihelion at high ecliptic latitude (16¡). It is not known whether the Plutinos as a whole share the libration. If they do, the concentration of past surveys in directions toward the ecliptic could produce an underestimate of the number of resonant objects.
Monte Carlo simulations allow us to estimate an upper limit to the intrinsic Plutino fraction, needed to produce P i , the apparent
We represent the two components of the P a . Kuiper Belt by orbital distributions as in with f (a) Table 5 , given by
The model parameters are adjusted to equation (4). match the observed Under these conditions, and P a B 0.35. with km, we Ðnd r ' \ 1000
The Plutinos are overrepresent-P i (q \ 5) \ 0.12. ed in Ñux-limited surveys by a factor With P a /P i B 1.6È2.9. km, we obtain r ' \ 250 P i (q \ 3) \ 0.18, P i (q \ 4) \ 0.14, and It thus appears that P i (q \ 5) \ 0.11 (P a /P i B 1.9È3.2). the Plutinos are overrepresented in the observational data by a factor that is uncertain but is of order 1.5È3. This overrepresentation applies only for a Kuiper Belt truncated at 50 AU (the practical limit of the published surveys). If the Kuiper Belt extends much beyond 50 AU, the intrinsic Plutino fraction could shrink substantially. Likewise, smaller values of would lead to smaller and to larger r ' P i values of the bias factor, but km appears to be r ' \ 250 unlikely from the shape of the luminosity function (°3.3). We conclude that the Plutinos constitute only D10%È20% of the KBOs in the 30È50 AU region. In view of the heterogeneous nature of the observational data (e.g., only half the objects in Figs. and were detected in systematic 2, 3, 7 surveys with well-deÐned [and published] limiting magnitudes and areal coverage), it is probably not yet worthwhile to attempt a more exact estimate.
3.5. Relative Populations of the 3 :2 and 2 :1 Resonances The resonance-sweeping hypothesis predicts that the populations of the 3 : 2 and 2 : 1 resonances should be in the ratio None of the 34 multin 2>1 /n 3>2 B 1 (Malhotra 1995). opposition objects reside in the 2 : 1 resonance (a 2>1 \ 47.6 AU), compared with 13 (including Pluto) in the 3 : 2 resonance, for an apparent ratio (see n 2>1
/n 3>2 B 0/13 Fig. 2 ). Could this apparent deÐcit of 2 : 1 resonant objects be a result of observational selection, or does it represent a failure of the resonance-sweeping hypothesis ? For objects of a given size, the magnitude di †erence resulting from the greater distance of the 2 : 1 resonance is a modest *m R \ 10 log mag. From this would (a 2>1 /a 3>2 ) \ 0.8 equation (1), produce an apparent ratio n 2>1 /n 3>2 \ 10~a*mR \ 1 3 (a \ 0.6 ; see if the two resonances are equally popu-°3.1) lated. From the 13 multiopposition objects in the 3 : 2 resonance, we would expect to have recorded 13/3 B 4 in the 2 : 1 resonance, but instead we have zero.
We examine this issue in more detail by using our bias model to account for the distribution of eccentricities of resonant KBOs, and to examine the e †ect of a possible upper size cuto †. We divided 105 KBOs equally into the 3 : 2 and 2 : 1 resonances and then used the bias model to determine the observability of the objects as a function of magnitude and size distribution. The result is a "" bias correction factor,ÏÏ
which we have listed in for several values of q Table 7 and (so as to illustrate the sensitivity of the bias to r ' these parameters). For the canonical case, we Ðnd b(4, 1000) B 0.3, roughly independent of magnitude and close to the analytic estimate above. From the 13 multiopposition objects in the 3 : 2 resonance we would expect to have detected about four multiopposition objects in the 2 : 1 resonance By Poisson statistics, the probability (Figure 8 ). that we might have detected no objects when the mean is 4 is P(0, 4) \ 1.8%, so that we can reject the hypothesis that the 2 : 1 and 3 : 2 resonances are equally populated at the 98.2% (D2.5 p) level. However, a formal (3 p \ 99.7%) rejection of the hypothesis is not possible based on the available data. A 3 p rejection would require an additional four objects in the 3 : 2 resonance (and none in the 2 : 1). We note that among the single-opposition orbits there are a further nine KBOs with elements in the vicinity of the 3 : 2 resonance but there are no candidate 2 : 1 objects. For this reason, we expect that more stringent constraints on the intrinsic resonance population ratio will emerge as the orbits of known KBOs are reÐned by new astrometry, and as new KBOs are discovered by future surveys.
In summary, while the data provide no evidence that the 2 : 1 resonance is populated at all, we cannot (yet) formally disprove the hypothesis that the 2 : 1 and 3 : 2 resonances are equally populated. The measured population ratios are thus formally consistent with the most basic prediction of the resonance-sweeping hypothesis by The Malhotra (1995) . newly recognized low abundance of the 3 : 2 Plutinos is also consistent with at least some of the resonance-sweeping simulations (see, e.g., Fig. 3 of in which Malhotra 1995, D13% of the surviving objects are Plutinos). In view of the fact that the published resonance-sweeping simulations neglect several e †ects likely to be of importance (e.g., stochastic jumps in the migration of Neptune due to impulsive ejection of massive planetesimals), we must conclude that the model and data are in reasonable agreement. AU) and, with the exception of 1996 (a \ 85 AU), TL 66 have a similarly restricted range of semimajor axes. In this section we ask to what extent the observations can be used to constrain the population of KBOs that have semimajor axes much larger than those observed. We focus our attention on the numerically dominant members of the classical Kuiper Belt. A similar analysis of the scattered TL 66 -class KBOs will be possible once more of these objects have been identiÐed.
We considered models in which the semimajor axes of classical Kuiper Belt objects were distributed as power laws in the range
The eccentricities were matched 42 ¹ a ¹ a ' . to those of the 42 AU ¹ a ¹ 46 AU region cf. (Fig. 2 ; Table  with The size distribution was taken to be a 5, e ' \ 0.12). q \ 4 power law in the radius range (°3.2) r & ¹ r ¹ r ' , and a uniform 0.04 albedo was assumed. Plutinos were added according to the prescription outlined in and°°3.4 and each model was required to generate an apparent 3.5, Plutino fraction to be consistent with the obser-P a D 0.35 vations. We simulated the three most productive surveys & Luu et al. and the present 8K (Jewitt 1995 ; Jewitt 1996, survey) by taking proper account of the detection efficiency as a function of apparent magnitude. The di †erent surveys yielded similar constraints, and so we conÐne our attention here to the simulations of the 8K survey.
The main result is that power-law disks with outer radii much larger than 47 AU predict apparent radial distributions of objects that are quite di †erent from those observed. This is illustrated in where we compare simula- Figure 9 , tions having AU and AU (parameters a ' \ 47 a ' \ 200 in common to the two simulations are listed in the legend to the Ðgure). The latter simulation yields a large number (D40%) of KBOs at discovery distances R º 50 AU, whereas in the observational sample there are none. This discrepancy remains for any plausible size distribution and radial distribution indices, provided AU. We note a '
[ 47 that already examined the et al. Dones (1997) Jewitt (1996) survey and reached an essentially identical conclusion.
How can this result be understood ? One possibility is that the survey is insensitive to the more distant objects because of their lower sky-plane velocities. However, Monte Carlo simulations of objects moving at rates down to (°2) 2A hr~1 (corresponding to R B 70 AU) showed no loss of efficiency at even the lowest rates. We therefore reject the possibility that the absence of more distant objects is an artifact of the survey. Another possibility is that the maximum object size is a decreasing function of semimajor axis. This type of variation would seem to be physically plausible, as a consequence of the radial density gradient and the longer timescales for growth in the outer parts of the preplanetary disk. We recomputed Monte Carlo simulations including this e †ect and, indeed, achieved a better match to the survey data. However, the rate of decrease of required to obtain a match is very large and seems to us r ' implausible. Indeed, the surface density in a p \ 2 disk at 45 AU (where we see many objects) is only 50% larger than at 55 AU (where we see none), and it is hard to imagine that could be so sensitive to the local surface density. It is r ' worth noting that the distribution and sizes of the known KBOs provide no evidence that decreases with a. The r ' third possibility is that the Kuiper Belt surface density does not follow a simple power-law variation at distances beyond the observed region. In fact, our data are consistent with the presence of a discrete outer edge to the belt at FIG. 9 .ÈHeliocentric distance at discovery vs. apparent red magnitude. Filled circles mark objects found in the 8K survey. Crosses denote simulated objects that passed the survey detection criteria. The results of two models are shown : Top, the classical Kuiper Belt is taken to extend to maximum semimajor axis AU ; bottom, AU. In both a ' \ 47 a ' \ 200 models, the KBOs obey a power-law size distribution with index q \ 4.0, and all have albedo Plutinos have been included in proportions p R \ 0.04. needed to yield an apparent Plutino fraction
The radial density P a B 0.35. index in the classical Kuiper Belt is taken to be p \ 2 in both models, and in the particular simulation shown here we have chosen km. r ' \ 500 Diagonal lines show the apparent magnitude as a function of heliocentric distance for KBO radii 50, 100, 200, and 400 km. a \ 47 AU. We are uncomfortable with the notion that the Kuiper Belt might have an edge near 50 AU (what physical process could be responsible ?), but our data nevertheless suggest this as a possibility. Most likely, we expect that some combination of a radial decrease in and a r ' steepening of the Kuiper Belt surface density at about 45È50 AU operates to yield the observed radial distribution. We hope to distinguish among these possibilities, and to probe more distant regions of the Kuiper Belt, by further deep imaging observations. size distribution cuto † at the high end). However, the datum instead falls below the extrapolated Kowal (1989) luminosity function by almost an order of magnitude. Taken at face value, the Kowal datum would require a truncation of the power-law size distribution at an upper radius limit near km, which is problematic conr ' B 50 sidering the existence of larger KBOs such as Pluto and Charon. However, we are not convinced that the photographic constraints should be taken so literally. In view of the difficulty of calibrating the efficiency of photographic surveys, we feel that it would be valuable to establish the surface density of the brightest trans-Neptunian objects using modern technology. Several thousands of square degrees should be imaged to
Photographic Constraints
The Spacewatch m R B 20. camera could usefully contribute to this (Scotti 1994) search, as could the upcoming Sloan Digital Sky Survey.
SUMMARY
We present the results of a new ecliptic survey of 51.5 deg2 to red limiting magnitude 22.5 (50% detection threshold).
1. The Kuiper Belt luminosity function is well deÐned in the red magnitude range with slope 20 ¹ m R ¹ 25, a \ 0.58^0.05. The cumulative surface density of Kuiper Belt objects reaches 1 deg2 at m R \ 23.3^0.1. 2. The slope of the luminosity function is reproduced by Monte Carlo simulations in which the Kuiper Belt objects follow power-law di †erential size distributions with index q \ 4.0^0.5. This slope is consistent, within the errors, with q B 3.5 as expected from a collisional production function
We Ðnd no evidence in the CCD data (Dohnanyi 1969). for truncation of the size distribution at its upper end. If such truncation exists, it must occur at radii greater than 250 km. The mass of KBOs (excluding the scattered KBOs) is estimated as D0.1 Earth masses.
3. About 38% (13/34 objects) of multiopposition KBOs are in the 3 : 2 mean motion resonance with Neptune. This "" Plutino fraction ÏÏ is overrepresented in the survey data as a result of observational selection. Using a bias model, we estimate that only 10%È20% of KBOs in the R \ 50 AU region are Plutinos. If the Kuiper Belt extends beyond 50 AU, then the Plutino fraction will be considerably smaller.
4. The hypothesis that the 2 : 1 resonance is as densely populated as the 3 : 2 resonance can be rejected at the D2.5 p (98.2%) but not the 3 p (99.7%) level of conÐdence. The ratio of resonance populations and the ratio of resonant to nonresonant populations are both broadly consistent with numerical simulations of the resonance-sweeping hypothesis (Malhotra 1995).
5. The observed radial distribution of KBOs is deÐcient in objects beyond about 50 AU, relative to simulations of power-law Kuiper Belt disks. We have no Ðrm explanation of this observation. The Kuiper Belt might be truncated at about this distance, there might be a steep decrease in the maximum size of KBOs at larger heliocentric distances, or some combination of these two e †ects might conspire to yield the observed radial distribution.
